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Abstract — A new controller is designed for speed and torque 
control of a Permanent Magnet DC motor based on 
measurements of speed and current. This research work 
focuses on investigating the effects of control of the speed and 
torque of two brushless dc motors that are mechanically 
coupled. Two controller design methods: the Root Locus 
method and Bode Plot method as well as two controllers: 
Proportional-Integral-Derivative (PID) and Proportional- 
Integral (PI) are used to obtain the control objectives of speed 
control and torque control. The simulation is performed using 
MATLAB/SIMULINK software. The effects of varying the 
controller gains on the system performance is studied and 
quantified. The simulation results show that the speed control 
objectives of the motor are satisfied even in the case of torque 
disturbance from the other motor. 

Index Terms — Permanent Magnet Direct Current Motor; 
MATLAB/SIMULINK; PID and PI Controller; Speed Control; 
Torque Control 

I. Introduction 

Research has shown that speed and torque control within 
direct current (dc) motors can be utilized separately using 
various control techniques. However, they are sometimes 
but rarely utilized together. In this paper we show the results 
obtained by the coupling of two permanent magnet DC 
motors. One motor is used for speed control for which a PID 
controller is designed, whereas the second motor provides 
the required torque disturbance on the first motor. To provide 
a required torque disturbance a PI controller is designed for 
the second motor. 

The stabilization of a linear system for speed control of a 
DC motor uses either armature control, field flux control, or 
voltage control. These techniques may include using a 
microcomputer, Operational- Amplifiers (Op-Amps), pulse 
width modulation (PWM), or simply by using a potentiometer. 
According to [2], a more advanced control for a brushless 
DC motor (BLDC) of linearity and non-linearity includes Fuzzy 
Control, Neural-Network Control, Genetic Algorithm 
Optimization Control, and Sliding-Mode Variable Optimization 
Control, to name a few. The control formulated in [10] differs 
from this paper in that a PID controller used for speed control 
is implemented using Op- Amps. The motor is modeled as a 
first order system where the response of the controller to 
load variations is studied and analyzed. In [5], Fuzzy Logic 
control is used for speed control, having the ability to control 
non-linear uncertain system parameters where no 
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mathematical calculation or model is available for the system. 
Similar to the research work presented here in this paper, 
although mathematical calculations are necessary, the model 
of the dc motor is yet derived from the differential equations 
shown in the previous section, instead of using the model 
strictly from M ATLAB . In reference to [ 1 2] , the speed of the 
DC motor is controlled using Sliding Mode Control (SMC). 
The two different controllers were applied to the system to 
determine the preeminent controller used for tracking the 
desired speed perfectly. Nevertheless, although a PID 
controller is used for speed control as presented in this paper, 
[4] introduces Lab View software as a method to monitor the 
speed of the DC motor instead of using MATLAB/Simulink. 
Yet, it is evident that speed control is the common control 
related to DC motors. 

Michael E. Brumbach in [7] discusses the theory being 
controlling both voltage and torque in a DC motor. It is stated 
that a separately excited DC motor (or permanent magnet DC 
motor) is the most frequently used motor for speed and torque 
control. In [1], a speed and torque control of a dc motor was 
designed for the application of a small snake robot. The 
controller design is due to the requirement for precise sensing 
and control of low motor currents. The controller hardware 
will provide an accurate estimate of the velocity from 
incremental encoder feedback and can selectively be operated 
in speed or torque control mode. 

When designing a dc motor drive, engineers must be 
aware of how energy conversion is accomplished and what 
conditions affect this conversion. For this reason, this paper 
proposes to investigate the effect of the output response for 
the torque and speed control of a permanent magnet direct 
current motor. This investigation is done through three im- 
portant thrusts: modeling, design, and simulation. Within the 
modeling thrust, mathematical modeling is developed for the 
DC motor, in terms of its electrical and mechanical character- 
istics to derive the necessary transfer functions. In the con- 
trol thrust, the root locus method would be used for speed 
control (PID) and bode plot method for torque control (PI). 
For the simulation thrust the Matlab/Simulink software will 
be utilized for analysis and verification. Matlab and Simulink 
are said to be integrated because Simulink correlates with the 
codes used in Matlab. From both Matlab and Simulink, they 
can also act as verification by way of hand-calculations ver- 
sus Matlab function commands. Simulink can use Matlab to 
define model inputs, store model outputs for analysis and 
visualization, and perform functions within a model, through 
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integrated calls to Matlab operators and functions. [14] 

Designing a PID controller for speed control and a PI 
controller for torque control would help analyze the response 
of two coupled permanent magnet direct current motors us- 
ing two different control design methods and two different 
controllers. 

II. Modeling Of Permanent Magnet Direct Current 
Motor 

Using the standard schematic for a PMDC Motor [6] 
which displays the electrical and mechanical characteristics, 
Kirchhoff's Voltage Law applied to the armature circuit yields, 



V 



dt 



(1) 



Where, v is the voltage source across the coil of the 
armature, and i is the armature current. The armature coil is 

a 

represented by an inductance L and a resistance r . An 
induced voltage is represented by E . This voltage is often 
referred to as the back emf (electromotive force), where, the 
back emf voltage is proportional to the rotational speed, given 
by 



k.co 



(2) 



Where k is the velocity constant determined by the flux 
density of the permanent magnets, and co the rotational speed 
in revolutions per minute. 

Considering the mechanical properties of the motor from 
Newton's Second Law of Motion for rotational systems 

^Tt = d^ (3) 



dt 



Hence the driving torque relates to speed by, 
d co 

dt ~ * 
d co 



(4) 



dt 



Where T c is the electromagnetic torque, T is the frictional 
torque, T L is the torque of the mechanical load,. For motor 
speed to remain stable in a friction-type system, the total 
torque between the prime mover and the load must include 
any rotational loss torque/ frictional torque, and 

T e =T L +T f +Ba> (5) 

Where B is the damping coefficient associated with the 
mechanical rotational system of the machine. The right side 
of the equation is related to the load that is coupled. For the 
second PMDC motor as the load, the frictional torque and 
viscous friction torque are neglected, to obtain the equation 
below 

T = T (6) 

e l 

The proportionality relating the motor torque to current 
given by k the torque constant and like the velocity constant 
is dependent on the flux density of the fixed magnets 



T e = k t i a 



(7) 
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To have a balance at constant speed, the power delivered 
to the shaft must equal the power input to the rotor 
P = P 

rotor shaft (g^ 

(kj a )co = (A, 
this means that k^ and k are related and are equivalently 
associated. Although angular velocity has the unit of revo- 
lutions per minute (RPM), when rotational power from the 
shaft is being calculated, it is necessary to convert the angu- 
lar velocity to radians per second. This is given by 



2?r 



(9) 

sec 60 
Taking the Laplace transform of equations ( 1 ) and (4), the 
transfer function of output speed to input voltage/ speed is 
denoted by: 

OJ i s '> K (io) 

v(.v) L a Js 2 +(r a J + L a B^ + r a B + k e k t 

The current can be determined in the Laplace domain by 
this equation 



(11) 



Where the relationship between the speed and torque is 
given by: 



mis) 



B 



(12) 



(B) 



Or with respect to current as, 
J(s) + B 

Whereas, the transfer function used in the current/torque 
control relating current to voltage is represented as 

/<5> 1 



HI. Speed and Torque Control Strategies 



(14) 



A Speed Control 

The speed control of a DC motor can be obtained by 
varying the average input voltage to the dc motor. The 
difference between the desired speed for the motor and the 
actual speed of the motor are fed to a PID controller which 
generates the voltage that should be fed to the motor such 
that the error is reduced and brought to zero. The overall 
block diagram for obtaining the speed control objectives is 
as shown in figure 1 below. A 'good' speed controller will 
result in zero steady-state error, and have a well-damped 
response to step changes in the demanded speed [11]. The 
block below shows the basic idea on how the control is 
achieved using a closed loop (feedback) control. Feedback 
on how the system is actually performing allows the controller 
to compensate dynamically for disturbances to the system 
[3]. 

B. Torque Control 

In the same manner that speed is proportional to the 
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voltage, the torque is proportional to the current. Hence, 
limiting or allowing current produces current/torque control 
[9]. The block diagram for obtaining torque control is shown 
below in figure 2. The output current is converted to torque 
by equation (7), and further converted to speed to be fed into 
the output of the speed control loop. 

Reference Actual 

Speedy 
— — H 



PID Controller 



PMDC Motor 



Speed 



Fig.l Block Diagram of the Speed Control Loop 



Reference 
Current 



PI Controller 



Actual 
Current 



3Cu 
-i— ► 



Torque 
Constant 



X 



Torque 



Fig. 2 Block Diagram of the Torque/Current Control Loop 

C. Speed and Torque Control 

During stability, the torque produced by the motor is equal 
to the amount of torque required to turn the load at a constant 
speed. When a load is added, the speed is decreased and the 
motor torque is higher than the load torque; resulting in 
acceleration. With a PI speed controller as the torque 
controlled motor, there will be no steady-state error in the 
speed, so after the transient has settled, the output speed 
will therefore be the same as the speed before the load was 
applied (in the speed controller alone). Figure 3 shows the 
block representation that will convert torque to speed. 



Torque 
► 


1 


Speed 




J(s) + B 


► 



s 



+K p s+Kj 



(15) 



Where, K p is the proportional gain, K : is the integral gain, 
and K D the derivative gain, having a pole at the origin and 
two zeros. Consequently, the gains allow the opportunity to 
issue motor speed commands instead of just motor power 
commands [13]. 

Using the commands "rlocus" and "sgrid" the root locus 
of the permanent magnet dc motor was analyzed. Where the 
damping ratio and natural frequency were found by the 
equations 



7T — t— log( < -AS ) 



< ■ > 



7T 

CO, 



(16) 



(17) 



(18) 



Where OS represents the Overshoot, t is the peak time, 
and G) A is the damped frequency. The root locus plots for the 
speed control loop are shown below in Figures 4-8, 



Fig. 4 Root Locus of the Open Loop Response plotting the damping 
ratio and natural frequency 



Fig. 3 Block Diagram of the Transfer Function for the Conversion 
of Torque to Speed 

IV. Controller Design For Speed and Torque Control 

A. PID Controller for Speed Control 

Matlab is used to design the PID controller using the 
root locus method by first looking at the open loop transfer 
function of the PMDC motor to determine the closed loop 
response consisted of a dominant pair of poles at the desired 
position given by the damping ratio - describes how the 
oscillations in a system decay after a disturbance [3]) and 
the natural frequency (co - is a scalar measure of rotation rate. 
[3] J based on the design requirements. The PID controller is 
given by the general transfer function in the frequency 
domain [8] as 
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-400 -200 
Real Axis 



Fig. 5 Root Locus of the System under Integral (I) Control 

We first viewed and analyzed the open loop root locus 
shown in Figure 4 to determine where to place the poles and 
zeros to modify the close-loop system. An integral control 
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was added to the system which will help eliminate the steady- 
state error with a pole at the origin shown in Figure 5. The 
proportional controller was then added with the integral con- 
trol to improve the rise time and add a zero now to the system 
at -165 shown in Figure 6 Finally, the derivative control was 
added to improve the overshoot with zeros at -75 and -125 
shown in Figure 7. The variations within these gains results 
in the design of the PID controller, where the PID controller is 
used to pull the root locus further to the left and to make it 
faster. The controller gains will further be adjusted until a 
desirable response is obtained. 




Fig. 6 Root Locus of the System under Proportional-Integral (PI) 
Control 




Fig. 



400 -350 -300 -250 -200 -150 -100 -50 50 



7 Root Locus of the System under Proportional-Integral- 
Derivative (PID) Control 
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Fig. 8 Root Locus of the System under Proportional-Integral- 
Derivative (PID) Control with Root Locus Gain K 

©2013 ACEEE 
LX)I01.nCSL4.2.1 



Nonetheless, since the root locus method is due to a func- 
tion of a gain "K ", Figure 8 introduces the root locus gain K 
at 0.029 as an addition to the system to further analyze the 
behavior of the system to know that the system will maintain 
stability, provided the gain is not high. Placing all gains in 
the motor system, including the controller and the motor, the 
closed loop response can be obtained and assessed. 

A. PI Controller for Torque Control 

Using Matlab to design the PI controller, the general 
transfer function in the frequency domain consisting of one 
pole at the origin and a zero is represented as 



- ■ 



BW 



(19) 
s s 

Where K p is the proportional gain and K : is the integral 
gain. 

Using bode plot method; the construction of the Bode 
plot diagram for the original open-loop transfer function was 
analyzed using the command "bode". To achieve the 
overshoot and settling time from the design requirements, 
the expected phase margin (PM) and bandwidth frequency 
(BW) would be calculated from the damping ratio. The 
equations for the phase margin and bandwidth frequency 
are given by: 

pm =\mc (2°) 

±—]^Ir^ + -4«T 1 + 2 (21) 

The controller is designed by adding an integral control 
to eliminate the steady-state error and a proportional control 
to improve the rise time, while adjusting each controller gain 
until a desirable response is obtained. Verification and analy- 
sis of the response would further be evaluated. Figures 9 - 
12 illustrates the bode plots used in torque/current control. 
Similar to the beginning step for the speed control, the open 
loop bode plot is first examined in Figure 9, considering the 
analysis of the bandwidth to get a rough idea of the system 
dynamic performances. Also instead of using a PID control- 
ler, a PI controller is used which consist of a single pole at the 
origin shown in Figure 10, and a pole at the origin and a zero 
at -432 shown in Figures 1 1 . Figure 12 shows the bode plot 
for increasing the gain of by 58% without changing the phase 
margin too much. 

Bade Diagram 
= In f . Rm = 120 deg fat 43.3 rad/eec) 




10 10 

Frequency (raoVeec) 



62 



Fig. 9 Bode Plot of the Open Loop Response 
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Bode Diagram 

Cm - Inf dB fat Inf rad/sec} . Frn - 89.5 deg fat 2 rad/sec) 




Frequency frad/sec} 

Fig. 10 Bode Plot of Torque Control under Integral (I) 
Control 

Bode Diagram 
Gm = Inf . Pm = 7fl.6deg: fat 574 rad/sec) 




FrequEn cy (rad/sec) 

Fig. 11 Bode Plot of Torque Control under Proportional-Integral 
(PI) Control 

Bade Diagram 
Gm = Inf , Pm =74.6 deg [at 37Q rad/sec} 




of 5% or less, with no steady state error including no steady 
state error due to a step disturbance. 

The final result for the desired speed is simulated, having 
a peak value of 4004 RPM at a settling time of 0.0028 seconds 
and reaches an overshoot of 1.03% at 0.0171 seconds. The 
closed-loop speed control loop responses are shown below 
in Figures 13-16. Figure 13 shows the response of the speed 
control loop due to an integral controller. Figure 14 shows 
the response of adding a proportional controller to the sys- 
tem of the integral control, and Figure 15 further shows the 
response due to the addition of a derivative controller added 
to the proportional-integral controller. From these figures, it 
can be shown the system under integral control does not 
meet any of the design requirements, however, adding the 
proportional controller reduces the steady-state to meet the 
design requirements, but increases the overshoot. The de- 
rivative controller added meets all the required specifications 
by decreasing the overshoot, improving the stability of the 
system, and improving the transient response. It shows in 
Figure 16, increasing the gain by this small value does not 
affect the system, and still adheres to all the required design 
requirements. 



Frequency (rad/sec) 

Fig. 12 Bode Plot of Torque Control under Proportional-Integral 
(PI) Control with Additional Gain 



V. Simulation Analysis and Results 

The permanent magnet dc motor used operates at the 
rated parameters of V a = 42 V, T = 0.6 N-m, co = 41 8.88 rad/sec 
(4000 RPM), i a = 11 A, L = 0.002 H, J = 0.0005 kg-m2, r a = 0.5 
&!, B = 0.00021 N-m-s-rad k = 0.072 V-s-rad 1 (the back emf 
constant), and k = 0.072 N-m- A (the torque constant). The 
controller is designed to maintain a desired speed of 4000 
RPM at a settling time of 0.015 seconds or less, an overshoot 
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Fig. 13 Closed Loop Speed Response of the System under Integral 
(I) Control 




Fig. 14 Closed Loop Speed Response of the System under Propor- 
tional-Integral (PI) Control 

The torque/current control loop establishes the desired 
phase margin (PM) as 69° or greater, and the bandwidth fre- 
quency to be 1 1 6 1 .4 rad/ sec, which is a value higher than the 
natural frequency. The analysis of the PI controller using 
bode plot method is shown below with closed-loop response 
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shown in Figures 17-19. Figure 17 shows the closed-loop 
response for current for the addition of an integral controller 
to the system. 




Fig. 15 Closed Loop Speed Response of the System under Propor- 
tional-Integral-Derivative (PID) Control 




Fig. 16 Closed-Loop Speed Response of the System under Propor- 
tional-Integral-Derivative (PID) Control with added Gain 




Time [sec) 

Fig. 17 Closed Loop Current Response of the System under Integral 
(I) Control 
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Fig. 18 Closed Loop Current Response of the System under 
Proportional-Integral (PI) Control 




Fig. 19 Closed Loop Current Response of the System Uunder 
Proportional-Integral (PI) Control with Added Gain 
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Fig. 20 Output Speed Response from the Speed Control without 
torque disturbance 



64 



—ACEEE 



Full Paper 



ACEEE Int. J. on Control System and Instrumentation, Vol. 4, No. 2, June 2013 



Figure 18 shows the response of the system with the addi- 
tion of a proportional controller added to the integral con- 
troller. Analogous to the speed control loop, the torque con- 
trol also uses the addition of a gain to further improve the 
behavior of the system and meet the design specifications. 
The system gain was increased by 58%. The closed-loop 
response is shown in Figure 19, with an overshoot of 0% at 
0.008 seconds, and a settling time of 0.00522 9 seconds. 

4500, 1 1 1 1 1 1 




Time (msec) 



Fig. 21 Output Speed Response from the Speed Control Loop after 
applying a disturbance 

Coupling the torque/current control loop as a negative 
disturbance to the output of the speed control loop depicts 
the comparison between the two loops together. Shown below 
in Figure 20 is the speed response at no load torque 
disturbance. Figure 21 shows the speed response with a load 
torque disturbance coupled to the motor. As can be seen, the 
two responses are similar. 

VI. Conclusion and Future Work 

A. Conclusion 

Constructed differently than a normal speed and torque 
control system, the estimated parameters for the PID and PI 
control are used to generate simulation curves for current 
and speed step responses, which were found to be in 
agreement with the design requirements for the control 
strategy. It is evident that as the load torque increases, the 
current would also increase, while the angular speed decrease. 
Nonetheless, from this design, under different controllers 
and control methods, the DC motor drive system was 
established to control the speed to remain constant regardless 
of disturbance. The PID controller was shown to have the 
greater effect over PI controllers, especially for a second- 
order system. 



The root locus method was more effective in the design of 
the controller effect leading up to stability over bode plot 
method because of its simplicity to control certain parameters. 

B. Future Work 

To further improve this design, good future work would 
involve carrying out this design experimentally in a real-time 
model. This process will provide clarity and accurateness in 
comparison with the modeling and simulation results 
toobserve the variables (speed and torque) of the control 
system. 
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